A simple and highly sensitive method that involves miniaturized hollow fiber assisted liquid-phase microextraction (HF-LPME) with in situ acyl derivatization and GC-MS was developed for the determination of benzophenone (BP) and related compounds in human urine samples. The limits of detection (S/N = 3) and quantification (S/N > 10) of BPs in human urine samples are 0.01 to 0.05 and 0.05 to 0.2 ng ml -1 , respectively. The average recoveries of BPs (n = 5) in human urine samples spiked with 10 and 50 ng ml -1 BPs are 93.1 to 106.7% (RSD: 1.5 to 8.4%) and 96.3 to 101.5% (RSD: 3.0 to 7.7%), respectively. When the proposed method was applied to human urine samples, BPs were detected at the sub ng ml -1 level.
introduction
Benzophenone (diphenylmethanone; BP) and related compounds are widely used as chemical sunscreens. They absorb damaging UV rays to decrease the radiation dose, and are widely used in cosmetic products. Benzophenones (BPs) demonstrate maximum absorption at wavelengths of 288 to 290 and 325 nm, and have the property of absorbing wavelengths of 200 to 400 nm. Consequently, BPs are able to absorb UV light that is harmful to the human body in the form of UVA (320 to 400 nm) and UVB (290 to 320 nm), and have been reported to be effective in preventing skin disorders and skin cancer. 1 However, BPs are also suspected to cause pruritus and contact allergies, 2 and to disrupt the endocrine system by exerting estrogenic and anti-androgenic action. [3] [4] [5] Recently, the migration of BPs from multilayer plastic-paper materials intended for food packaging and the contamination of food sample with BPs have been reported. 6, 7 Due to the widespread usage of BPs, healthy humans may be exposed to BPs via a variety of daily activities. Therefore, the assessment of human exposure to BPs is an important task.
It has been reported that when a human ingests BP, it is excreted in urine as a metabolite, such as benzhydrol (BP-OH) glucuronide. 8 Thus, it is thought that human exposure can be evaluated by measuring these compounds in human urine samples. However, as the concentration of BPs in human urine is low, a method with high sensitivity and high accuracy is required.
The determination of BPs in human urine samples has been accomplished with LC with diode array detection, 9 tandem mass spectrometry (MS-MS) 10, 11 and GC-MS. 12 However, these techniques require that such pretreatment procedures as liquid-liquid extraction (LLE) 13, 14 and solid phase extraction (SPE) 11, 15 be performed prior to use, and consume considerable time and labor. As for the time and labor needed for analysis, solid-phase microextraction (SPME) has been successfully used for the determination of BPs in human urine samples. 12 However, because the limit of detection (LOD) of 2-hydroxy-4-methoxybenzophenone (BP-3) is 5 ng ml -1 , the sensitivity of the above SPME method remains low. Previously, we reported on a stir bar sorptive extraction (SBSE) method that uses a stir bar coated with polydimethylsiloxane (PDMS) for the determination of BPs in water samples 16, 17 and human urine samples. 18 The SBSE method required not only a PDMS-coated stir bar, but also a thermal desorption (TD)-GC-MS system. The TD system had a high running cost because liquid nitrogen was used. To improve the cost performance, liquid-phase microextraction (LPME), solvent microextraction (SME) and a single-drop microextraction (SDME) techniques have been developed. [19] [20] [21] LPME consists of extracting and concentrating a target compound with an extremely small amount of extraction solvent using a commercially available microsyringe. Highly sensitive trace analysis is subsequently performed by injecting the extract directly into a GC-MS system using the same microsyringe as that used to collect the extract. The main advantages of these techniques are good cost performance and a wide application Notes range that includes polyaromatic hydrocarbons, 22-24 polychlorinated biphenyls (PCBs), 25, 26 pesticides, 24, [26] [27] [28] [29] and organotin compounds. 30 Because of the interfacial activity of urine samples, it is difficult to retain a single droplet on the microsyringe needle tip. 31 Therefore, we have developed miniatulized hollow fiber (HF) assisted LPME for BPs analysis. 32 In that study, 32 five kinds of BPs (BP, BP-OH, 2OH-BP, BP-3, and BP-10) could be analyzed without derivatization. Because of their high polarity and low volatility, phenol compounds including BPs are poorly separated by GC. Derivatization has yielded sharper peaks, and hence better separation of and higher sensitivity for the phenols. However, the derivatization procedure is tedious and time consuming. In order to avoid this problem, in situ derivatization was developed. Moreover, with an in situ derivatization step, an even wider variety of BP-related compounds could be analyzed to reveal the extent of exposure to BPs.
The aim of this study was to develop an analytical method for the trace analysis of eight kinds of BPs in human urine samples, which employs miniaturized HF-LPME with in situ derivatization and GC-MS. The HF-LPME method was performed in conventional 2 ml vials for miniaturization. To consider a further application to valuable samples, such as serum, we performed a miniaturized HF-LPME method.
experimental

Materials and reagents
Acetonitrile and methanol were purchased from Wako Pure Chemical (Osaka, Japan).
BP and deuterium-labeled benzophenone-d10 (BP-d10) as surrogate compounds were purchased from Kanto Chemical (Tokyo, Japan). 2,4-Dihydroxybenzophenone (BP-1) and BP-3 were obtained from Sigma-Aldrich (St. Louis, MO). 2-Hydroxy-4-methoxy-4′-methylbenzophenone (BP-10) was obtained from Lancaster Synthesis (Morecambe, England).
Benzhydrol (BP-OH), 2-hydroxybenzophenone (2OH-BP), 3-hydroxybenzophenone (3OH-BP), and 4-hydroxybenzophenone (4OH-BP) were purchased from Wako Pure Chemical. E. coli β-glucuronidase (25000 U 0.4 ml -1 ) and H. pomatia sulfatase (3650 U ml -1 ) were purchased from Sigma-Aldrich. Prior to use, β-glucuronidase was added to 0.1 M ammonium acetate to make a total concentration of 10000 U ml -1 . Other reagents and solvents of pesticide or analytical grade were purchased from Wako Pure Chemical (Osaka, Japan). The water purification system was a Milli-Q gradient A 10 with an EDS polisher (Millipore, Bedford, MA).
Concentrated solutions (1.0 mg ml -1 in methanol) of BP, BP-OH, 2OH-BP, 3OH-BP, 4OH-BP, BP-1, BP-3, and BP-10 were prepared independently. Then, a mixture-standard solution (10 μg ml -1 ) was obtained by mixing the concentrated solutions. Urine samples were collected from fourteen healthy volunteers and sample preparation was performed immediately.
Instrumentation
A 10-μl microsyringe for LPME was purchased from SGE Japan (Kanagawa, Japan). The microsyringe needle had a conical tip of 50 mm length and 0.63 mm o.d. An accurel Q 3/2 polypropylene hollow-fiber membrane of 600 μm i.d., 200 μm wall thickness, and a 0.2-μm pore size was purchased from Membrana (Wuppertal, Germany). The hollow-fiber membrane was cut manually and carefully into 1.1 cm lengths. Then, the hollow-fiber segments were cleaned in acetone prior to use. For extraction, 2 ml sample vials from Agilent Technologies (Palo Alto, CA) were used.
GC-MS instrument and analytical conditions
GC-MS was performed with an Agilent 6890N gas chromatograph equipped with a 5973N mass-selective detector (Agilent Technologies; Palo Alto, CA). Injection was performed in a pulsed splitless mode and the injection volume was 2 μl. The temperature of the inlet was 250 C. Separation was conducted on a DB-5MS fused silica column (30 m × 0.25 mm i.d., 0.25 μm film thickness, Agilent Technologies). The oven temperature was programmed to increase from 100 C (held for 1 min) to 220 C at 5 C min -1 , and then increased to 280 C (held for 3 min) at 15 C min -1 . Helium was used as carrier gas at a flow rate of 1.0 ml min -1 . The mass spectrometer was operated in the selected ion monitoring ( 
Human urine sample preparation by LPME
A human urine sample (1 ml) spiked with surrogate standard was buffered with 1 M ammonium acetate solution (100 μl). After adding β-glucuronidase (10 μl; 10000 U ml -1 ) and sulfatase (10 μl; 3650 U ml -1 ), the sample was sealed in a glass tube and gently mixed. Enzymatic de-conjugation to release free BPs was performed by incubating at 37 C for 3 h. 32 Then, a 300-μl aliquot of the de-conjugated sample was transferred to another vial and mixed with the same volume of acetonitrile for deproteination. After shaking sufficiently, it was centrifuged for 10 min at 3000 rpm. A 500-μl volume of supernatant was transferred to another vial and 1 ml of purified water was added. Potassium carbonate (1 M K2CO3; 50 μl) for a pH adjustment and acetic acid anhydride (20 μl) as a derivatization reagent were added, and the vial was degassed. Then, the sample was agitated. Finally, the sample was subjected to HF-LPME using a 10-μl microsyringe. Before extraction, the microsyringe was rinsed 10 times each with acetone and toluene so as to avoid carryover and air-bubble formation. The needle tip was inserted into a 1.1-cm-long hollow fiber segment. Then, the fiber assembly was immersed in toluene for about 20 s to impregnate its pores with toluene. Toluene in the syringe was injected carefully into the hollow fiber, after which the fiber assembly was completely immersed in the sample solution. LPME was performed at room temperature for 15 min while stirring at 500 rpm. After extraction, 2 μl of the extract was carefully withdrawn into the microsyringe and injected into the GC-MS system.
Results and discussion
Optimization of extraction solvent and time
The extraction solvent was optimized. Toluene, butyl acetate, and 1-octanol were compared. When toluene was used as the extraction solvent, relatively high responses were obtained for all acyl-BPs. Therefore, toluene was used as the extraction solvent for the HF-LPME method.
One of the most important parameters affecting not only LPME, but also HF-LPME was the extraction time. To determine the optimum extraction time, 5 ng ml -1 standard solutions of BPs were used. The extraction time profiles of 1 ml standard solutions of the acyl derivatives of BPs using HF-LPME with in situ derivatization and GC-MS are shown in Fig. 1 . The highest response was obtained when the extraction time was 15 min. One possible reason for the decrease in the relative peak area was a reduction in the volume of toluene used as the extraction solvent. We thought that the extraction amounts of analytes were decreased according to the decreasing volume of the extraction solvent. This condition (15 min) was therefore used for the determination of BPs in human urine samples.
Optimization of in situ derivatization and GC-MS conditions
The volumes of K2CO3 (5 to 500 μl) and acetic acid anhydride (0 to 50 μl) in the in situ derivatization step were optimized. When 50 μl of K2CO3 was used for a pH adjustment, all BPs showed relatively high responses. As shown in Fig. 2 , the highest response was obtained from BP when 10 μl of acetic acid anhydride was used. When 20 μl of acetic acid anhydride was used for the in situ derivatization of BPs, relatively high responses were obtained as well (Fig. 2) . Therefore, 20 μl of acetic acid anhydride was used as the optimum volume. We thought that the pH changed when it was added over the 20 μl of acetic acid anhydride.
An EI-MS analysis of the standard solutions of analytes in the The effect of in situ derivatization was examined. As shown in Fig. 3 , peaks of 3OH-BP and 4OH-BP could be detected in the case with in situ derivatization. Moreover, the peaks of other acyl-BPs became sharp, since the phenolic hydroxyl group was derivatized. Therefore, in situ derivatization was a useful method for the determination of trace levels of BPs in human urine samples.
Analytical figures of merit
The limits of detection (LODs) (signal-noise ratio: S/N = 3) and the limits of quantification (LOQs) (S/N > 10) of BPs in human urine samples subjected to in situ derivatization were 0.01 to 0.05 and 0.05 to 0.2 ng ml -1 , respectively. For BP Fig. 1 Extraction time profiles of BPs. Optimum extraction time of analytes in 1 ml standard solutions (5 ng ml -1 ) using HF-LPME with in situ derivatization and GC-MS. Fig. 2 Optimum volume of acetic acid anhydride for in situ derivatization. Optimum volume of acetic acid anhydride for in situ derivatization of BPs in 1 ml standard solutions (5 ng ml -1 ) using HF-LPME with in situ derivatization and GC-MS. Fig. 3 Comparison of chromatograms of BPs obtained with and without derivatization. For HF-LPME with in situ derivatization, derivatization reagents were added to 1 ml of BP standard solution (500 ng ml -1 ) and the extraction was commenced for 15 min at room temperature in a glass vial. Then, the extraction solvent was subjected to GC-MS analysis. For HF-LPME without in situ derivatization, the same procedure was performed, except that no derivatization reagents were added. determination, calibration curves were obtained by plotting the peak-area ratio versus the concentration. The calibration curves for analytes were linear with correlation coefficients >0.995 in the range of 0.05 to 100 ng ml -1 for BP-3, 0.2 to 100 ng ml -1 for BP-OH, and 0.1 to 100 ng ml -1 for the other BPs ( Table 1 ). The relative recovery and precision of the method were assessed by replicate analyses (n = 5) of human urine samples spiked at 10 and 50 ng ml -1 . Non-spiked and spiked samples were subjected to HF-LPME with in situ derivatization and GC-MS. Typical chromatograms of spiked urine samples are shown in Fig. 4 . The relative recoveries were calculated by subtracting the results for non-spiked samples from those for spiked samples. The results were obtained by using calibration curves of the standard solutions with surrogate standards. The average recoveries of analytes (n = 5) in human urine samples spiked with 10 and 50 ng ml -1 BPs were 93.1 to 106.7% (RSD: 1.5 to 8.4%) and 96.3 to 101.5% (RSD: 3.0 to 7.7%), respectively (Table 2) . Therefore, this method enables precise determinations of standards, and can be applied to the determination of BPs in human urine samples.
Determination of BPs in human urine samples
Urine samples from fourteen healthy volunteers (five females and nine males) were analyzed using the present method. BP, 2OH-BP and 3OH-BP were not detected in the human urine samples. In contrast, BP-OH and BP-3 were detected in all urine samples in the range of 0.27 to 10.0 ng ml -1 and 0.36 to 6.91 ng ml -1 , respectively (Table 3) . Trace amounts of BP-1, BP-10, and 4OH-BP were detected in some samples.
The Ministry of the Environment has published an annual report, "Chemicals in the Environment, FY2005," which contains the results of an environmental survey and monitoring of chemicals. The Ministry of the Environment has also conducted indoor-air monitoring to determine BPs. 33 The report states that BP and BP-3 were determined frequently in the 68 indoor air samples analyzed. Actually, BP and BP-3 were detected in 67 indoor air samples. Taking the frequent detection The recoveries and RSD were also examined by replicate analysis (n = 5) of human urine samples. of BP-3 into consideration, it was reasonable that BP-3 was detected in all human urine samples. Meanwhile, BP, which was also detected in indoor air samples, was metabolized to BP-OH, which was detected in all human urine samples.
The combination of HF-LPME with in situ derivatization and GC-MS led to the successful determination of trace amounts of BPs in human urine samples. We have previously reported on the analysis of BPs in a human urine sample by SBSE-TD-GC-MS. 18 In order to improve the sensitivity and cost performance, we also developed miniaturized HF-LPME for BP analysis. 32 In that study, 32 five kinds of BPs (BP, BP-OH, 2OH-BP, BP-3, and BP-10) could be analyzed without derivatization. However, an even wider variety of BP-related compounds should be analyzed to reveal the extent of exposure to BPs. Using our proposed improvement method with in situ derivatization, BP-1, 3OH-BP, and 4OH-BP were detected, although they could not be detected when in situ derivatization was not performed. Moreover, previous GC conditions should be modified to improve the separation of BPs.
This work is the first to determine trace amounts of BPs in human urine samples using HF-LPME with in situ derivatization and GC-MS. The proposed method has many practical advantages, including simplicity of the extraction method, the use of a small volume of organic solvent for extraction, and high sensitivity, and is sufficiently applicable to analyses of human urine samples. The proposed method is expected to have potential applications in human urine samples.
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